Deformation and fluid flow in the Huab Basin and Etendeka Plateau, NW Namibia by Salomon, Eric et al.
 
 
 
 
Salomon, E., Koehn, D., Passchier, C., Chung, P., Haeger, T., Salvona, A. 
and Davis, J. (2016) Deformation and fluid flow in the Huab Basin and 
Etendeka Plateau, NW Namibia. Journal of Structural Geology, 88, pp. 46-
62. (doi:10.1016/j.jsg.2016.05.001) 
 
This is the author’s final accepted version. 
 
There may be differences between this version and the published version. 
You are advised to consult the publisher’s version if you wish to cite from 
it. 
 
 
 
 
http://eprints.gla.ac.uk/120693/ 
     
 
 
 
 
 
 
Deposited on: 06 July 2016 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten – Research publications by members of the University of Glasgow 
http://eprints.gla.ac.uk 
 1 
Deformation and Fluid Flow in the Huab Basin and Etendeka Plateau, NW 1 
Namibia 2 
Eric Salomon a,*, Daniel Koehn b, Cees Passchier a, Peter Chung b, Tobias Häger a, Aron 3 
Salvona b, Jennifer Davis b 4 
aInstitut für Geowissenschaften, Johannes Gutenberg-Universität Mainz, Johann-Joachim-5 
Becher Weg 21, 55128 Mainz, Germany; salomon@uni-mainz.de, cpasschi@uni-mainz.de, 6 
tobias.haeger@uni-mainz.de 7 
bSchool of Geographical and Earth Sciences, University of Glasgow, Glasgow, G12 8QQ, 8 
United Kingdom; daniel.koehn@glasgow.ac.uk, peter.chung@glasgow.ac.uk, 9 
aronsalvona@googlemail.com, jennifer.davis@gmail 10 
 11 
*Corresponding author: Eric Salomon, Institut für Geowissenschaften, Johannes 12 
Gutenberg-Universität Mainz, Johann-Joachim-Becher Weg 21, 55128 Mainz, Germany, 13 
salomon@uni-mainz.de, +49 (0)6131 3920293 14 
 15 
Abstract 16 
The Lower Cretaceous Twyfelfontein sandstone formation in the Huab Basin in NW 17 
Namibia shows the effects of volcanic activity on a potential reservoir rock. The formation was 18 
covered by the Paraná-Etendeka Large Igneous Province shortly before or during the onset of 19 
South-Atlantic rifting. Deformation bands found in the sandstone trend mostly parallel to the 20 
continental passive margin and must have formed during the extrusion of the overlying volcanic 21 
rocks, indicating that their formation is related to South-Atlantic rifting. 2D-image porosity 22 
analysis of deformation bands reveals significant porosity reduction from host rock to band of up 23 
to 70 %. Cementation of the sandstone, linked to advective hydrothermal flow during volcanic 24 
activity, contributes an equal amount to porosity reduction from host rock to band when 25 
compared to initial grain crushing. Veins within the basaltic cover provide evidence for hot fluid 26 
percolation, indicated by spallation of wall rock and colloform quartz growth, and for a later low-27 
temperature fluid circulation at low pressures indicated by stilbite growth sealing cavities. 28 
Sandstone samples and veins in the overlying volcanic rocks show that diagenesis of the 29 
Twyfelfontein sandstone is linked to Atlantic rifting and was affected by both hydrothermal and 30 
low-thermal fluid circulation. 31 
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1. Introduction 39 
Porous rocks such as sandstones generally serve as reservoirs for hydrocarbons or as 40 
aquifers for geothermal or drinking water. A study of the diagenesis, structural change and fluid 41 
flow properties of such rocks is of major importance for estimating their reservoir potential 42 
(Department of Energy, 2007; Baud et al., 2012). In general, passive continental margins have a 43 
high potential for hydrocarbon exploration and margins that are dominated by volcanic activity 44 
show that igneous bodies can serve as fluid traps (e.g., Lee et al., 2006; Wu et al., 2006; 45 
Gallagher and Dromgoole, 2007; Rohrman, 2007, 2013; Christie and White, 2008; Cukur et al., 46 
2010). Magmatic activity can lead to a significant alteration of sedimentary reservoir rocks by 47 
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changing pressure and temperature conditions. For example extrusion of lavas on top of the 48 
sediments leads to gravitational loading-induced compaction and an increase in temperature can 49 
change fluid composition and speed up diagenetic processes. Examples of sedimentary basins 50 
affected by elevated temperatures and subsequent hot fluid flow in response to magmatism are 51 
known for example from the NW UK Atlantic margin (Nadin et al., 1997; Wycherley et al., 52 
2003; Baron et al., 2008), the Paraná Basin in southern Brazil (de Ros, 1998), the Solimões Basin 53 
in NW Brazil (Lima and de Ros, 2002), the Southern Carnavon basin along the western 54 
Australian margin (Baker et al., 2000), the Neuquen Basin in Argentina (Rodriguez Monreal et 55 
al., 2009) and rift basins of eastern China (Jin et al., 1999). In order to predict hydrocarbon 56 
potential it is therefore important to understand how magmatic activity affects potential reservoir 57 
rocks, and how permeability changes during loading, temperature increase and fluid fluxes.  58 
The degree of cementation and the formation of deformation bands can have a significant 59 
impact on reservoir quality. Because both processes are known to reduce the porosity they have 60 
been studied in detail (Worden and Morad, 2000, and references therein; Fossen et al., 2007, and 61 
references therein). Deformation bands are mm-wide zones that accommodate less than a few 62 
decimeters of offset (Aydin, 1978). The movement in these zones usually results in grain 63 
crushing or sliding and the bands are therefore subdivided into cataclastic (crushing) or 64 
disaggregation (sliding) bands (e.g., Antonellini et al., 1994; Fossen et al., 2007). While 65 
disaggregation bands typically form at shallow burial levels under low confining pressure and in 66 
poorly sorted sandstones (e.g., Antonellini et al., 1994; Kristensen et al., 2013), cataclastic bands 67 
form at depths of up to 3 km, commonly in well sorted sandstones (e.g., Zhang et al., 1990; 68 
Cashman and Cashman, 2000; Rawling and Goodwin, 2003; Fossen et al., 2007). Exceptions are 69 
cataclastic bands that have been reported from unsorted sandstone at shallow burial depth in 70 
Corsica, France (Torabi, 2014) and in Provence, France (Ballas et al., 2012). Deformation bands 71 
may form in response to faulting of underlying basement rock (Underhill and Woodcock, 1987), 72 
either within a damage zone as a precursor of discrete faulting (Shipton and Cowie, 2001), or 73 
during throw of an existing fault (Shipton and Cowie, 2003).  74 
Here, we analyze the effects which volcanic activity had on the diagenesis of an aeolian 75 
sandstone exposed in the Huab Basin in NW Namibia (Fig. 1). The sandstone of the Lower 76 
Cretaceous Twyfelfontein Formation (Stanistreet and Stollhofen, 1999) is overlain by volcanic 77 
rocks of the ~133-Ma-old Paraná-Etendeka Large Igneous Province (Renne et al., 1992) and a 78 
large number of dykes cut through the sandstone. The sandstone was solely overlain and thus 79 
buried by the extrusives (Miller, 2008). This geologic setting and the excellent outcrop conditions 80 
in Namibia allow detailed analysis of the diagenetic effects and fluid system evolution of a 81 
reservoir rock that is affected by igneous activity. Dickinson and Milliken (1995) conducted a 82 
first microstructural study of the Twyfelfontein sandstone reporting pressure solution at quartz 83 
grain contacts, fracturing of single quartz grains and cementation of these fractures.  84 
The aim of this paper is to characterize deformation, cementation and porosity of 85 
Twyfelfontein sandstone and the overlying Etendeka volcanic rocks and to reconstruct details of 86 
fluid flow within these rocks in order to give a model for their diagenetic evolution. Two features 87 
were studied in detail, deformation bands within the sandstones as indicators for compaction and 88 
veins within the overlying Etendeka volcanic rocks as indicators of fluid flow conditions.  89 
 90 
 91 
2. Geologic Setting 92 
The geology of the study area in Namibia is characterized by Neoproterozoic basement of 93 
the ~N-S trending Kaoko belt, an orogenic belt which formed during the assemblage of 94 
 3 
Gondwana (e.g., Goscombe et al., 2005; Foster et al., 2009; Fig. 1a). These metamorphic rocks 95 
are covered by the sedimentary rocks of the Karoo Supergroup that were deposited across large 96 
parts of southern Africa and South America in an intracontinental basin (de Wit et al., 1988; 97 
Smith et al., 1993). In the studied Huab Basin the Karoo units comprise mostly lake deposits with 98 
a thickness of around 180 m, which varies due to the basement topography (Horsthemke, 1992; 99 
Fig. 2). The Karoo rocks are superposed by the Twyfelfontein Formation, an aeolian sandstone of 100 
Lower Cretaceous age (e.g., Scherer, 2000; Dentzien-Dias et al., 2007; Perea et al., 2009). In the 101 
Huab Basin, this sandstone formation reaches a thickness of up to 100 m (Miller, 2008) and inter-102 
fingers with the basal units of the Paraná-Etendeka volcanic rocks (Jerram et al., 1999; Stanistreet 103 
and Stollhofen, 1999; Fig. 2). The latter extruded at 133 ± 1 Ma (Renne et al., 1992) and the 104 
eruptions span across approximately 2.4 Ma (Milner et al., 1995) and thus happened shortly 105 
before or during the onset of Atlantic rifting at this latitude (e.g., Bauer et al., 2000; Blaich et al., 106 
2011; Stica et al, 2014). At present, a maximum thickness of 700 m is preserved in NW Namibia, 107 
yet the volcanic rocks must have had a minimum thickness of 1800 m in order to cover the 108 
prominent Brandberg granite pluton, which intruded into the Etendeka volcanic rocks 109 
contemporaneously or shortly after their emplacement (Watkins et al., 1994; Schmitt et al., 2000) 110 
and is situated a few kilometers south of our study area. Thermochronological data indicate a 111 
thickness of up to 3000 m (Raab et al., 2005), however this value varies significantly with the 112 
assigned paleotemperature and the authors emphasize that the calculated thickness may be too 113 
high. To the present knowledge, no further deposits have been emplaced above the volcanic 114 
rocks.  115 
 116 
 117 
3. Methodology 118 
This work is conducted with the combination of field work, optical and scanning electron 119 
microscopy and chemical analysis. We studied 24 outcrops of Twyfelfontein sandstone in the 120 
Huab Basin that contained deformation bands and measured the orientation, thickness and 121 
amount of displacement along the bands and collected around 20 samples. Oriented samples were 122 
picked from outcrop walls and additional samples were taken from loose rocks on the ground in 123 
order to not cause inappropriate damage. In the overlying basalts, we collected samples of veins 124 
in one outcrop near the Bergsig Fault that cuts through the volcanic rocks in the Etendeka Plateau 125 
(Fig. 1).  126 
Six thin sections of deformation bands were cut perpendicular to the bands, after being 127 
impregnated in epoxy to ensure no loss of material. Three thin sections were cut from two vein 128 
samples, N-56 and N-56-2. Two of these thin sections derive from a vertical and horizontal face 129 
of the vein of sample N-56 to gain knowledge about the shape and orientation of comprised wall 130 
rock fragments. Polished thin sections of the samples were analyzed with an optical and a 131 
scanning electron microscope. Electron microscopy, i.e. secondary electron, backscatter electron, 132 
and cathodoluminescence imaging was conducted on a FEI Quanta 200F scanning electron 133 
microscope. Spectral analysis via backscatter electron imaging was conducted using the software 134 
EDAX Genesis 5.3. The setup further allowed mapping of the distribution of chemical elements, 135 
which we used for visualizing mineral distributions in the veins. Raman spectroscopy on a 136 
HORIBA Jobin Yvon HR800 was used to determine vein minerals. 137 
Porosity measurements of the deformation band samples were conducted using 2D image 138 
analysis. It is assumed that the 2D porosity is approximately equal to 3D porosity (Johansen et 139 
al., 2005). Stitched cathodoluminescence, backscatter electron and secondary electron images of 140 
90x magnification were used to determine the extent of the deformation band. The porosity 141 
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analysis was conducted using Adobe Photoshop and the 2D image analysis software ImageJ. A 142 
binary image of each sample was created with this software to allow for differentiation between 143 
pore space and surface area. To reduce errors, the binary image was manually altered by 144 
removing artificial objects such as epoxy vesicles, which the software had recognized as surface 145 
area. We therefore regard the error as minimal. The porosity is then determined by counting 146 
pixels of pore space and surface area within band and host rock. To visualize porosity changes in 147 
the sample, we set a 1 mm-grid across the binary image and calculated the porosity for each 148 
1 mm square. Depending on the porosity, a different color was assigned to the respective square. 149 
To determine the effect of grain crushing, cementation and clay input on the porosity, each 150 
feature was cropped manually using Adobe Photoshop. This allowed to measure the porosity 151 
change from host rock to deformation band due to initial grain crushing, the porosity change 152 
induced by cementation, and the porosity change induced by clay input.  153 
 154 
 155 
4. Results 156 
4.1 Field Data 157 
In the field, we measured the orientation of 399 deformation bands which we found in all of 158 
24 outcrops of the Twyfelfontein Formation (Fig. 1, 3). Deformation bands occurred in both 159 
coarse- and fine-grained, and laminated and thick-bedded sections of the sandstone. Their 160 
dominant strike is NNW-SSE which is parallel to the present continental margin offshore 161 
Namibia and they have an average dip of 60-80° (Fig. 3f, for separated outcrop stereograms see 162 
appendix). Deformation bands appear as single bands or conjugated pairs. Conjugated bands 163 
usually intersect at angles of around 35-40° (Fig. 3). Offsets along the bands range from zero to 164 
40 cm and thicknesses vary between 1 and 30 mm, however no correlation between the thickness 165 
and the amount of offset is evident (data are shown as supplementary material). Except for two 166 
bands with a minor reverse shear sense, offsets are usually normal.  167 
Veins in the Etendeka volcanic rocks have been found in basaltic rock in a prominent 168 
~50 km long N-S trending valley hosting the Bergsig Fault (Fig. 1). The veins appear as mode I 169 
fractures and have lengths of up to 10 m and widths of up to 25 mm. Along a ~200 m-long river-170 
bed outcrop, they occur in clusters over zones of ~15-100 cm in which some veins intersect each 171 
other multiple times (Fig. 4). The veins dip steeply with dips >80° and strike directions are 172 
NNW-SSE and E-W (Fig. 4). Similar veins have also been found near a normal fault at the 173 
western edge of the Etendeka Plateau, but are otherwise absent in the volcanic rocks, and thus 174 
appear to be related to faulting.  175 
 176 
4.2 Thin Sections of Deformation Bands 177 
We analyzed six deformation bands in detail and their description is summarized in table 1. 178 
Examples of deformation bands on plane polarized and cross polarized light photomicrographs 179 
are shown in figure 5 and on secondary electron and cathodoluminescence images in figure 6. 180 
Four samples comprise moderately to well-sorted quartz arenites and two are quartz wackes with 181 
poor and moderate grain sorting (table 1). The clay content in the quartz arenites is around 2-5 % 182 
and in the quartz wackes around 15-20 %. It is apparent that the well sorted host rocks produced 183 
cataclastic bands, whereas the poor to moderately sorted host rocks produced disaggregation 184 
bands. This is in general consensus with other studies (Fossen et al., 2007, and references 185 
therein). Half of the sampled deformation bands comprise an offset of 1 cm, while the other half 186 
does not show an offset, regardless of the type of band. A porosity reduction of the bands is 187 
observed especially in the cataclastic bands (table 2, Fig. 7). The porosity in cataclastic bands is 188 
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significantly lower (0.03 to 0.09) than in the host rock (0.08 to 0.19), while porosity is only 189 
slightly lower or even higher in the disaggregation bands (0.10 and 0.10 in the band versus 0.13 190 
and 0.09 in the host rock) (Fig. 7). This observation is also in agreement with previous studies 191 
(Fossen et al., 2007, and references therein). 192 
 193 
4.3 Sample N-72-1  194 
Best images were obtained from sample N-72-1, which is a quartz arenite that comprises a 195 
cataclastic band porosity of 0.03 and a host rock porosity of 0.10 (table 2). In secondary electron 196 
images, the band is visible as a compact structure with highly irregular grain boundaries, yet on 197 
cathodoluminescence images it is obvious that the grains are heavily fractured and shattered 198 
within the deformation band (Fig. 6a). Fracturing of quartz grains also occurs outside the band, 199 
although not nearly as extensive as within the band. Space between the fragments is cemented 200 
with quartz, which is responsible for the compact appearance of the band on secondary electron 201 
images. Quartz cementation that is filling fractures and pore space along intact quartz grains is 202 
also evident outside the band. Pressure solution features, i.e. micro-stylolites, are present, which 203 
dissolve both quartz grains and quartz cement (Fig. 8). Small open fractures are scattered 204 
throughout the sample, some of which offset the cemented ones (Fig. 8a). We mapped the 205 
orientation of cemented and open fractures outside the band, as well as micro-stylolites in the 206 
whole thin section. A length-azimuth rose plot reveals a favored orientation of the cemented 207 
fractures of around 40° relative to the deformation band (Fig. 9). The open fractures show in 208 
general a larger scatter in orientation, although their orientation maximum is also around 40° 209 
relative to the orientation of the deformation band (Fig. 9). This maximum, however, is guided by 210 
the cemented fractures since many of the open fractures re-opened the cemented ones. Micro-211 
stylolites formed preferentially in horizontal orientation (Fig. 9).  212 
As the cementation fills up most of the space between the fragments in the deformation 213 
band, it is clear that it contributes significantly to the low porosity in the band. However, this is 214 
also true for the host rock where cementation is present as well. We analyzed the influence of 215 
cementation and deformation band formation on the porosity separately as outlined in chapter 3. 216 
Prior to the cementation, the host rock and the deformation band had a porosity of 0.23 and 217 
0.15(Fig. 10a). After the cementation, the porosity is 0.13 in the host rock and 0.05 in the band 218 
(Fig. 10b). The clay fraction reduces the porosity to 0.10 (host rock) and 0.03 (band) (Fig. 10c), 219 
which leads to the 70 % porosity reduction shown in table 2. A factor that is not implemented is 220 
the pressure solution. As the micro-stylolites formed after the cementation, the porosity values of 221 
host rock and band prior to the pressure solution represent minimum values. Further, the pressure 222 
solution has probably added to the porosity difference between host rock and deformation band, 223 
due to the increased presence of micro-stylolites in the deformation band (0.47 mm stylolite 224 
length per mm² in band versus 0.20 mm stylolite length per mm² in host rock; Fig. 9). Here, the 225 
cementation resulted in an increased amount of grain boundaries along which the pressure 226 
solution could take place.  227 
 228 
4.4 Thin Sections of Basalt Veins 229 
Thin sections were cut from two samples whose macroscopic texture is similar to the other 230 
veins in the Bergsig valley outcrop and at the western edge of the Etendeka plateau, and are 231 
therefore regarded as representative. The vein of sample N-56 shows a large content of elongated 232 
basalt fragments of which most are aligned approximately parallel to the wall rock. Their 233 
appearance in both the vertical and horizontal thin section suggests a disc-like structure. The vein 234 
of sample N-56-2 contains fragments that are blocky, yet elongated fragments also occur 235 
(Fig. 11).  236 
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The veins are filled with an abundance of quartz with a colloform and moss texture (after 237 
Adams, 1920, and Dong et al., 1995). The remaining cavities have been filled with zeolites, i.e. 238 
stilbite and mordenite in sample N-56 (Figs. 12a, b) and an unidentified zeolite in N-56-2 239 
(Fig. 12c). In sample N-56, the moss quartz has a slight euhedral quartz overgrowth where it is in 240 
contact with stilbite (Fig. 12a). 241 
 242 
 243 
5. Discussion 244 
5.1 Diagenetic evolution of the Twyfelfontein sandstone 245 
From the observed features in sample N-72-1, a clear evolution of diagenetic processes is 246 
evident. The first step is the formation of deformation bands by grain crushing, which is followed 247 
by step two, the growth of the quartz cement. The third step is the formation of micro-stylolites, 248 
which are younger than the cement since the latter is dissolved along the stylolites (Fig. 8a). The 249 
last step is the formation of open fractures. The exact timing of the clay input is unclear, as the 250 
clay could have been present since the sedimentation or transported into the rock by fluids at a 251 
later stage. We think that the evolution of the different diagenetic processes in the sandstones and 252 
their deformation bands is associated with the following events: The formation of the 253 
deformation bands (localized grain crushing or sliding) is most likely related to opening of the 254 
South Atlantic and emplacement of the basalts. This is emphasized by the preferred orientation of 255 
the bands parallel to the continental margin (Figs. 1, 3). Syn-volcanic and rift-related faulting is 256 
also argued for by Milner and Duncan (1987) and Salomon et al (2015a). The cemented fractures 257 
outside the deformation band probably developed simultaneously to the band as a conjugated 258 
fracture set as this narrow angle is in accordance to the angle of conjugated deformation bands in 259 
the field (Figs. 3, 4).  260 
The next successive step after the brittle formation of the bands is the growth of the quartz 261 
cement, which is dependent on a number of factors, such as fluid composition and pH, rock 262 
composition and rock fabric (Worden and Morad, 2000). An important control on the rate of 263 
quartz cementation is temperature (Walderhaug, 1994). A minimum of 70°C is thought to be 264 
necessary to start cementation and the cementation rate increases significantly with increasing 265 
temperature (e.g., Rimstidt and Barnes, 1980; Bjørlykke and Egeberg, 1993; Oelkers et al., 1996; 266 
Lander and Walderhaug, 1999). In our study area, temperature may also be the key factor on 267 
controlling the rate of cementation. That cementation has not started prior to deformation band 268 
formation is most likely related to the restricted burial depth of the rock, i.e. a maximum burial 269 
depth of 100 m prior to the extrusion of the Etendeka volcanic rocks is too low for a geothermal 270 
temperature exceeding 70°C. In addition, the rock may not have been fluid-saturated, because the 271 
sandstone was deposited in a desert environment and the groundwater level was probably low. 272 
Only with the emplacement of the Etendeka extrusive rocks, the sandstone was buried to greater 273 
depths and reached its maximum burial depth with the end of the extrusion. An increased 274 
geothermal gradient due to the volcanic activity should have resulted in a high rate of quartz 275 
cementation. The quartz cement was not derived from the pressure solution present in the sample, 276 
as the micro-stylolites are younger than the cement. The silica needed for the cement must have 277 
therefore been transported into the sampled rock. This is also suggested by Dickinson and 278 
Milliken (1995) who observe that pressure solution in the Twyfelfontein sandstone cannot 279 
provide enough silica for the amount of cement. Hydrothermal fluid circulation is plausible 280 
during volcanic activity and could therefore be responsible for the transport of silica from greater 281 
depth, into the sampled rock. This is supported by Bjørlykke (2014) who argues that only 282 
hydrothermal circulation can provide enough advective silica to allow significant quartz 283 
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precipitation in sandstone. Hence, we argue that the cementation is linked to the extrusion phase 284 
of the Etendeka lavas.  285 
At some point in time, quartz cementation stopped and stylolite formation started. The 286 
reason for the end of quartz cementation could be rooted in the geothermal gradient that may 287 
have decreased to a normal gradient after volcanic activity. The micro-stylolites are most likely 288 
related to gravitational burial stress, as evident from their preferred horizontal orientation 289 
(Fig. 9). Stylolite formation, i.e. pressure solution, is generally dependent on factors such as the 290 
effective stress acting on the quartz grains (Gratier et al., 2005), fluid saturation and flux (Renard 291 
et al., 2000; Taron and Elsworth, 2010). The effective stress is the difference between the 292 
lithostatic and hydrostatic pressure. Hydrothermal fluid circulation increases the hydrostatic 293 
pressure and therefore reduces the effective stress. This could serve as an explanation for the 294 
observation that micro-stylolites occur only after the precipitation of the quartz cement: during 295 
hydrothermal circulation that led to the precipitation of the cement, the effective stress may have 296 
been reduced to a degree where pressure solution could not take place. Further, the hydrothermal 297 
fluid was supersaturated with silica as it was responsible for the quartz precipitation. Thus, the 298 
fluid may have been saturated with silica up to a level which prevented pressure solution. After 299 
volcanic activity, the fluid pressure decreased, but the lithostatic pressure remained high because 300 
of the persisting rock overburden, leading to an effective stress where stylolites could form. On 301 
the other hand, stylolites may initially grow slowly (Koehn et al., 2012) and it may therefore be 302 
that micro-stylolites that grew at an early stage during the fast cementation cannot be seen in the 303 
sample. 304 
 305 
5.2 Porosity reduction 306 
The creation of cataclastic bands in the investigated samples results in a significant 307 
reduction of porosity with respect to the host rock (table 2, Fig. 7). The separation of cement 308 
from the grains and grain fragments show that the cementation reduces porosity by a slightly 309 
larger amount as the crushing of grains (Fig. 10). Sole grain crushing leads to a reduction of 0.08 310 
and the cementation to reduction of 0.10 in both band and host rock. Hence, the cementation 311 
within the band is the reason for the development of compaction band seals that hinder fluid flow 312 
across these structures. 313 
Micro-Stylolites tend to occur more often within the band than in the matrix (Fig. 9). The 314 
cemented band acts as a hard rock that can only deform by pressure solution, since no pore space 315 
is present to accommodate relative grain displacement. In addition, the crushed grain boundaries 316 
provide fresh surfaces where dissolution can take place relatively easily. This implies that 317 
pressure solution results in more compaction within the bands than outside, which induces an 318 
additional component of movement along the deformation band. Consequently, the offset 319 
produced along a deformation band is a two-step process. First, the initial formation of the band, 320 
i.e. the grain crushing, produces the largest portion of offset. This process is mainly brittle and 321 
happens over a short time period, as shown in rock deformation experiments (Baud et al., 2012). 322 
Second, when the band is cemented and stylolites develop, pressure solution, as a ductile-time 323 
dependent process, contributes to the offset on a longer time scale. This process will be reaction 324 
or diffusion limited and as such relatively slow. Because the stylolites are oriented at an oblique 325 
angle to the bands, pressure solution leads to band thinning.  326 
 327 
5.3 Fault veins in the Etendeka volcanic rocks 328 
The two analyzed veins in the Etendeka volcanic rocks contain mostly elongated basaltic 329 
wall rock fragments (Fig. 11). The elongated chips may be the result of thermal spalling, which 330 
occurs when rock surfaces are heated quickly (Preston and White, 1934; Walsh and Lomov, 331 
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2013). Due to the low conductivity of rocks, the heat generates a large temperature gradient from 332 
the rock surface towards the rock matrix. The high temperature gradient leads to expansion of the 333 
surface causing compression in the adjacent rock, which subsequently creates surface-parallel 334 
fractures. Once these fractures are long enough the superficial fragments buckle away from the 335 
host rock and are chipped off. The formation of a larger spall may be seen in sample N-56 where 336 
a fracture extends in the host rock parallel to the vein in the upper left hand corner (Fig. 11). As 337 
already emphasized by the observations of cementation in the Twyfelfontein sandstone, a 338 
hydrothermal fluid system was most likely present during and shortly after the emplacement of 339 
the Etendeka volcanic rocks. These hot fluids may have penetrated into the overlying volcanic 340 
rocks and caused spallation of the respective rock. The spallation is not necessarily restricted to 341 
the sample location, as the spalls could have been transported upwards during fluid ascent.  342 
The quartz crystal growth shows three different textures: colloform, moss and euhedral. 343 
The former two are especially apparent in sample N-56-2, while euhedral quartz occurs only to a 344 
minor extent in sample N-56 (Fig. 12a). Whereas euhedral quartz forms from a low-temperature 345 
hydrothermal fluid, colloform and moss textures are regarded as a clear indicator for a high-346 
temperature hydrothermal fluid (Dong et al., 1995; Moncada et al., 2012; Shimizu, 2014). Quartz 347 
with colloform or moss texture is precipitated from a silica gel, a highly supersaturated fluid 348 
which develops when a fluid is quickly vaporized or boiled (Dong et al., 1995). Such an effect 349 
may occur during a sudden pressure decrease, e.g. induced by the sudden opening of fractures 350 
during seismic activity or increased fluid pressure, into which the fluid penetrates (Moncada et 351 
al., 2012). This may apply to our study area, as the vein samples are collected close to the 352 
Bergsig Fault (Fig. 1b). Activity of the fault may have created a sudden pathway for fluids into 353 
the volcanic rocks that had been trapped in the Twyfelfontein sandstone. The veins tend to strike 354 
NNW-SSE (Fig. 4) and might therefore have been formed during the ENE-WSW directed South 355 
Atlantic opening (Salomon et al., 2015b).  356 
The vein of sample N-56 shows a late stage closure by the zeolites mordenite and stilbite 357 
(Figs. 12a, b). Mordenite is a high-silicic zeolite and therefore common in rhyolites or tholeiitic 358 
basalts (Coombs et al., 1959; Walker, 1960; Kitsopoulos, 1997), while stilbite, as one of the most 359 
abundant zeolites, is very common in mafic rocks (Deer et al. 2004). Both zeolites have also been 360 
identified in amygdules of the Paraná-Etendeka volcanic rocks on the Brazilian side (Murata et 361 
al., 1987). Whereas mordenite can form within a wide temperature range (Coombs et al., 1959; 362 
Deer et al., 2004; Denton et al., 2009), stilbite is a low-temperature zeolite which does not form 363 
above ~120-140°C (Parry, 1998; Kiseleva et al., 2001). In the vein it appears that mordenite and 364 
stilbite have not formed simultaneously: although both minerals fill cavities bounded by moss 365 
quartz, the latter is capped by euhedral quartz only along the stilbite-filled cavities. This indicates 366 
that the mordenite may have formed just after the moss quartz precipitation, possibly in the same 367 
hydrothermal fluid phase. The stilbite and the small amount of euhedral quartz represent a later, 368 
local circulation of fluid within the basalt at reduced temperatures. This late circulation occurred 369 
at low fluid pressures, as the stilbite does not grow in newly formed fractures, but only seals 370 
existing cavities. The analyzed fractures provided a significant conduit for fluid flow through the 371 
fault-neighboring volcanic rocks for only a short time, since the hydrothermal quartz precipitated 372 
quickly and consequently reduced permeability of the fractures. 373 
 374 
 375 
6. Conclusions 376 
Our study of deformation bands in the Twyfelfontein sandstone and veins in the overlying 377 
Etendeka volcanic rocks provides insights into the diagenesis of the sandstone and the evolution 378 
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of fluid phases. A model of this process is presented in figure 13. Prior to the volcanic activity, 379 
the sandstone was unlithified and groundwater flowed undisturbed at normal geothermal 380 
conditions (Fig. 13a). Deformation bands in the sandstone formed during South Atlantic rifting 381 
and loading of the sediments due to the extrusion of the Etendeka volcanic rocks (Fig. 13b). 382 
Cementation of the sandstone occurred after the deformation band formation and during volcanic 383 
activity related elevated fluid temperatures, which also increased the hydrostatic pressure 384 
(Figs. 13b, c). Faulting within the sandstone related to the South Atlantic opening (Salomon et 385 
al., 2015b) brackets the cementation and the elevated geothermal gradient to the time of volcanic 386 
activity and rifting. After volcanic activity, the fluid temperature dropped below the minimum 387 
temperature necessary for cementation, but the ongoing pressure exerted by the volcanic 388 
overburden led to the formation of micro-stylolites (Fig. 13d).  389 
In the veins within the Etendeka volcanic rocks we interpret the elongated breccia 390 
fragments as spalls that were chipped off from the wall rock when a hot fluid entered cold rock. 391 
In combination with colloform quartz this is indicative for a hydrothermal fluid that penetrated 392 
into the rock. Initial opening of the veins may be associated with activity on the Bergsig Fault 393 
close to the sample locality or fracturing may be induced by fluid overpressure in the underlying 394 
Twyfelfontein sandstone (Fig. 13c). A later cooler fluid phase interacted with the basaltic host 395 
rock and precipitated stilbite. This circulation occurred at low fluid pressures as the stilbite fills 396 
only cavities and does not grow in newly formed cracks (Fig. 13d). In conclusion, both the 397 
analysis of deformation bands and veins provide evidence for a hydrothermal fluid system and a 398 
later fluid system at normal geothermal conditions.  399 
Porosity analysis of the deformation bands are in agreement with existing studies, showing 400 
that cataclastic bands reduce the porosity significantly, while disaggregation bands show no or 401 
only a slight porosity reduction. However, detailed analysis of the porosity evolution shows that 402 
cementation contributes slightly more to the porosity reduction from band to host rock than grain 403 
crushing.  404 
Our study further contributes to the debate on whether or not the South Atlantic rifting at 405 
this latitude started during or after the Paraná-Etendeka extrusion (e.g., Courtillot et al., 1999; 406 
Bauer et al., 2000; Blaich et al., 2011; Beglinger et al., 2012; Stica et al., 2014). The deformation 407 
bands must have formed prior to, and/or during the extrusion and their orientation parallel to the 408 
present margin is a clear indicator that rift-related faulting occurred during the extrusion of the 409 
Paraná-Etendeka volcanic rocks.  410 
 411 
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Fig. 3: (a-e) Examples of deformation bands in the Twyfelfontein sandstone. Some bands 
occur as single bands (a, b), or as conjugated pair (c-e). (f) Rose Diagram showing the 
orientation and dip of the measured deformation bands. Deformation band data are shown 
as supplementary material.
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Fig. 4: Sampled veins in the Etendeka volcanics with their orientation 
shown in stereographic diagram inset. 
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Fig. 5: Plane polarized and crossed polarized light photomicrographs of 
examples of deformation bands.  Trace of deformation band indicated 
by red arrows. (a) cataclastic band of sample N-70; (b) cataclastic band 
of sample N-72-1; (c) disaggregation band of sample N-89.
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Fig. 6: Examples of a cataclastic band (a; sample N-72-1) and a disaggre-
gation band (b; sample N-89) on secondary electron and cathodolumi-
nescence images. Trace of deformation bands indicated by red arrows.
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Fig. 7: Porosity maps of deformation bands (within dashed lines) and 
host rock. Color grid is 1 mm per square and color is assigned to porosity 
within the respective square. (a) sample N-70, (b) sample N-72-1, (c) 
sample N-82, (d) sample N-89, (e) sample N-90, (f) sample N92.
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Fig. 8: Detailed cathodoluminescence (CL) and secondary electron (SE) images of fractured 
grains within deformation band of sample N-72-1. (a,b) Initial fractures are lled with quartz 
cement and the latter is partly dissolved by pressure solution. Open fractures mark a second 
fracture generation. (c,d) Some grains are extensively shattered, yet their original shape is 
still recognizable.
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Fig. 9: Orientation of cemented fractures, open fractures and stylolites in sample N-72-1. 
Fractures are mapped outside the deformation band, whereas stylolites are mapped in the band 
and host rock. Blue line in rose plots marks orientation of deformation band.
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Step 1: formation of deforma-
tion band (grain crushing)
Porosity (Φ) in
- host rock:   0.23
- deformation band:  0.15
Step 2: cementation
Porosity (Φ) in
- host rock:   0.13
- deformation band:  0.05 
Step 3: clay input
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- host rock:   10 %
- deformation band:   3 %
Φ host vs. band:  -70 %
Fig. 10: Porosity evolution of sample N-72-1. (a) Porosity after deformation 
band formation and before cementation. (b) Porosity after cementation 
and (c) after clay input. Note that pressure solution was not taken into 
account for complexity reason.
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Fig. 11: Flatbed scans of thin sections of veins in the Etendeka basalt. Elon-
gated fragments in the vein are interpreted as spalls (see text for explanation) 
and a spall may form in the upper left of the vertical face of sample N-56. Red 
squares mark location of close-ups (Fig. 12).
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Fig. 12: Plane polarized images of vein components of sample N-56 (a, 
b) and N-56-2 (c). (a) Moss quartz grows from basalt fragments and is 
capped by euhedral quartz when in contact with stilbite. (b) Euhedral 
quartz does not occur when moss quartz is in contact with mordenite. 
(c) Colloform quartz grows on basalt fragments and is followed by moss 
quartz, while an unidentied zeolite lls the cavity. Locations of images 
shown in Fig. 11. Raman spectra and SEM element maps of (a) are 
shown as supplementary gures.
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Fig. 13: Model of the evolution of deformation, uid ow and crystal growth in the Twyfelfontein sandstone and Etendeka 
volcanic rocks. (a) Undisturbed groundwater ow through unlithied sandstone at a normal geothermal gradient. (b) Extru-
sion of volcanic rocks and formation of deformation bands due to syn-volcanic faulting. Volcanic activity leads to high 
geothermal gradient and increased uid pressure underneath the volcanic rocks, which results in an escape of the uid from 
the sandstone. (c) Increased uid temperature leads to quartz cementation. Fracturing in volcanic rocks occur in response to 
fault movement or uid pressure. The hot uid penetrates into fractures causing spallation of wall rock and hydrothermal 
precipitation of quartz. (d) The geothermal gradient drops after the volcanic activity below a level where cementation is 
possible. Pressure solution deforms the sandstone and zeolite precipitates in veins due to inner-volcanic uid circulation.
Figure 13, revised
Table 1: Description of deformation band samples analyzed in this study.
Sample
Host Rock Deformation Band
Colour Mineralogy Sorting Grain shape Grain Size
Clay con-
tent Type Thickness Displacement Offset
Dip di-
rection
Dip 
angle
N-70 grey/pink Quartz arenite
well 
sorted
sub-
rounded coarse
Kaolinite 
& Calcite cataclastic 6 mm / no offset 087 84
N-72-1 reddish brown
Quartz 
arenite
well 
sorted
sub-
rounded coarse Kaolinite cataclastic 3 mm 1 cm unknown - -
N-82 buff Sublithic-arenite poor
sub-
angular
small 
pebbles Fe-oxide
disaggrega- 
tion 3 mm / no offset 053 82
N-89 reddish brown
Sublithic-
arenite moderate
sub-
angular
fine(75%) 
coarse(25%)
Kaolinite, 
Hematite
disaggrega- 
tion 1 mm 1 cm normal 087 56
N-90 pale buff Quartz arenite
very well 
sorted
sub-
rounded medium Kaolinite cataclastic 5 mm / no offset 085 83
N-92 reddish buff
Quartz 
arenite moderate
sub-
rounded
medium / 
coarse Hematite cataclastic 5 mm 1 cm normal 053 60
Table 2: Porosity of deformation band samples derived from 2D image. 
Sample Outside band Inside Band Difference [%]
N-70 0.19 0.09 -53
N-72-1 0.10 0.03 -70
N-82 0.13 0.10 -23
N-89 0.09 0.10 +10
N-90 0.09 0.05 -44
N-92 0.08 0.03 -63
Tables, revised
